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Abstract
In the present study, Constrained Interpolated Profile (CIP) method was used to simulate the natural convection heat transfer and
fluid flow in an enclosed square cavity with differentially heated side walls. The fundamental idea of this method is to solve the
advection phase equation with CIP method and the non-advection phase equation is calculated with finite difference method.
CIPNSE is applied to predict the temperature and velocity profiles in a square cavity for various Rayleigh number: Ra=10° 10* and
10°. The streamline and isotherms obtained under these conditions were then compared with those published in literature and found a
good agreement.

Keywords: Constrained Interpolated Profile (CIP), Finite Difference Method (FDM) and Lattice Boltzmann Method
(LBM), Natural Convection, Square Cavity, Sream-Function Vorticity.
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LITERATURE SURVEY:

The natural or free convection is the phenomenorhext
transfer between a surface and a fluid moving dweith the
fluid motion caused entirely by the buoyancy & that arise
due to the density changes that result from tdmperature
variations in the flow. Since the early works egearchers
([1]1, [2], [3], [4]) a great deal of theoretical @gmexperimental
researches was dedicated to investigate this phemam The
fundamental interest comes from the concern to nstaled
the heat transfer mechanism ([5], [6],[7]) and diuilow
behavior around the surfaces ([8],[9]). On the othend, a

temperature respectively. The objective of this grajs to
extend the formulation of Constrained Interpolatefile
(CIP) method for Navier-Stokes equations to predict
temperature and velocity profiles in a differeryiaheated
square enclosure.

List of symbols
C,- Specific heat
g - Gravitational acceleration
H - Length of cavity
k - Thermal conductivity

similar interest was provoked by the wide range of L - Length
engineering applications utilizing this type of pbenenon tp -TF_Jressure
- Time

([10], [11]). Among the problems related to natural
convection, many researchers focused their inwasig on
the heat transfer and fluid flow behavior from &edientially
heated side walls in a cavity ([12], [13], [14]hdy frequently
considered adiabatic boundary condition for the tom
bottom walls. However, very few investigated théeef of
perfectly conducting top and bottom walls althougiplays
important roles in real engineering applicatiods]].

In present study, numerical investigation of ndtaosvection
in a square cavity is carried out by consideringfgmtly
conducting boundary condition for top and bottomisvalhe
left and right walls were maintained at hot and dcol

T - Temperature

Th - Surface wall with hot temperature
T. - Surface wall with cold temperature
u - Velocity in x direction

U - Dimensionless velocity in x direction
v - Velocity in y direction

V - Dimensionless velocity in y direction
X - Axial distance

X - Dimensionless axial distance
Vertical distance

y -
Y - Dimensionless vertical distance
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Dimensionless Parameters
AR - Aspect Ratio
Gr - Grashof Number
Pr - Prandtl Number
Ra - Rayleigh Number

Greek Symbols
p - Density
B - Volumetric thermal expansion
t - Dimensionless time
0 - Dimensionless temperature
M - Dynamic viscosity
v - Kinematic shear viscosity
a - Thermal diffusivity
® - Vorticity
Q - Dimensionless vorticity
y - Stream function
¥ - Dimensionless stream function

U - Nabla operator

Super script
n - Current value
n+1 - Nextstep value
* - Non advection phase value

Subscript
i - x direction node
j - ydirection node
max i - x direction maximum node
maxj - ydirection maximum node

FORMULATION, GOVERNING EQUATIONS
AND NUMERICAL METHODS

The conservation equations for 2D incompressiblaass
cavity flow in Cartesian form (Fig 1) are:

Perfectly conducting wall

Hot wall, Ty, Cold wall, T,

Y

L.,

Figl. Schematic geometry of a square cavity

Perfectly conducting wall

du N du =0
ax  dy

du i du 1dp du  d*u
—+tu—+v +v( )
dt dx iy pdx

Eh:+ Eh.?_l_ dv lr;?p_'_ (Ei'*’u_l_ﬂ"l.?)_l_ i
at " 'ox uﬂ}f_ pdy Y ox gy’ Pa( )

3
daT " dT " aT le (B*’T " B*’T)
—_— At U—t V— = — — o —
dt dx dy pCy\dx® dy? 4
The pressure terms are eliminated by takitig y-

derivative of (3) and subtracting from itetk-derivative
of (2). This gives

%y 62u+ %y 0k . LT +ﬂv(&u+ﬂv) ﬂu(ﬁu+ﬂv)
aa oy o2 awy) " \ayax ay2) Tan\ar oy Tay\ax
) T A . T ‘8 ar
Y|\ axdy) \ddy? dy} I

5

Using the definitions of stream functiop)(and vorticity ()
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6
v = Eh;'.l
T ax 7
v
dx dy o
Eq (5) can be written as
dew de dew diw 3w ar
E+ua—+u5—v(ax +B_}=*’) +BHE
9

In terms of the stream function, the equation defjnthe
vorticity (8) becomes

a gy d-y
W= (BI-+B}=)

The following dimensionless variables are now idtrced:

10

.P=1;'JPT
v 11
Hipr
0=
v 12
x
A== ‘}’=1
H H
13
tee uH
T=— lUl=—, V=-—
r—T
= ——
Ty —T¢ 15
Where
Ty — T H?
pr =~ R =3H( H £)
o vir 16

In terms of these variables, (5), (10), (4) become

an an Vﬂﬂ_ 920 ain pap 260
ar VaxtVar T Taxz T ave| TR ”(ax)
17

oo az~r+az~r
N axz  are
81
ag Uaa Vaa ae 9%
ot Vax TV Taxe Tave 19
CONSTRAINED INTERPOLATED PROFILE

NAVIER STOKESEQUATION (CIPNSE)

In the CIPNSE method, the equation is divided imto parts:
advection phase and non advection phase. The n@ttiwh
phase will be solved independently throughnitdi
difference method while the solutions of adveciibrase will
be obtained using two-dimensional (2D) CIP method.

Solution of Vorticity Transport Equation

The vorticity transport equation (17) can be writtes

il il il

—+U—+V=—=D
dt aXx ay 20
Where
2 2
D= Pr[d Q.2 Q] + Ra. Pr(—)
21
The X- and Y-derivatives of (20) are
d aﬂ} d aﬂ} a[aﬂ} il an ol o av
ax lat ax lax ax layl ax[ ax ax Ay ox
22
g an y g raf v d @bl a p anau  anav
i R ey R e e B i

23

Putting the X- and Y-derivatives of D from (21)an{22) and
(23) we get
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J & J A, . 07, RK 7Q . 7 g, AN AN

— () tU—(=)+V —(—=) =Pr—=+ tRP)F——-——

ob(((?r) ob((oX) @(((N) (@(3 (»((Nz) (%) KK &N X
24

2By By By 080 gy DA DN

N N K NN S KN KN NN
25

Non-advection phase
X o"ZQ 0.,2

( ) + Ra. Pré)
or 26
1727, 7Q  7°Q 70, QN XN
(T =Pr—s + +Ra.Pr -
x o) TP G Tkt H) X X o X
27
77,9 7’Q  7°Q 0 . A XNV
—(—)=P Ra.Pr—)——-——
PV =l vV R N KN NN
82
Egs (26) - (28) are solved by using central firdtference

method (FDM), which finally gives

(- 20+ 00 Q% - 200+ 02,
. =0F + AT pr[ =2 i -1
Ginnj ﬂ;nﬁ]j\
¢ AT Ra.Pr|——————
a ( il
29
d d

E(Q;,j} == @)

T n T n
Pr(gnz,j = 24y 2050 - Oy

AT
2017

+-Q:'1+1.j+1 'ZQHH +O:141; 1 Q? [m+2QL L~ a 1,j=1
24X(AY)?
g7 EG" +6
+h‘a.!-‘r(—[HI ) l”)

2 QFHJ_Q?-L;' Ulan UFU AT
ZAX 24X

- Qﬂj+1 = Q;]..J'—l Viﬁ 1y = l"'ru'n— : 9§ AT
2AY 2AK

30

d
—(0,
ar( U}

d il
=7
AT |pr Q?ﬂ,jﬂ - ZQUH ‘I'Qi L1~ i+1,,|'—1 t 29?}'—1 - 1irl—l,,l'—i

20V (AX)?
+ ?Hz ZQE Jt1 t+ ZQU -1 i,,r—z
2AY3

+ R Pr H?ﬂ,,l’ﬂ - P‘?ﬂ.j—i - H?—i,,l’ﬂ + H?—i,j—i
' 4AXAY

_ ?ﬂ,j_ ?—1,;’ Uiﬁ'ﬂ‘”?j—i AT
2AX 2AY

_ 9?;41‘9?1-1 Vifljﬂ_]'ﬂ'-i AT
2AY 2AY

31

Advection phase
afl dfl a1

E-'_Uﬁ_'_vﬁ_ﬂ

32
a ran auaﬂ a ﬂﬂ_ﬂ
a[ﬁha[ a]+a[ W]‘

33
a [Bﬂ]+ a [Uaﬂ]+ a [Vﬂ'ﬂ]_n
aylarl avl axl avl ayl s

In CIP method, the profile between the lattice [iis
interpolated using cubic polynomial as in eq (35)

FXT)= E{ali’:— a1 +a; }T—a;?—.{!r]l'
T[{ﬂjf—ﬂ&.?—- 7 F—ﬂ_‘]?—ﬂ
35

Where

Y=x-x, o I'=r-1,,

36
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The coefficients of al ,a2,...a7 are determined su the Qn‘ Qn Qn

. . . . . . . . i, X,i i

interpolation function and its first derivativesarontinuous at 2. Solve for ) s -and "Y1 using the constrained
both ends [16]. With this restriction, the numetidifusion interpolation process [from egs (39), (40) and (41)

can be greatly reduced when the interpolated proid

constructed. The spatial derivatives are then tatied as ntl gn+l n+l

3. The values on , X"J' and ~"¥iJ are then computed
- -. = i from the newly advected values in step 2 by solvihg
F . AXT)= {Sﬂlj_-— 2a.¥ +ay }.'L'— {[]'_r gl ﬁ =0, nonadvection phase of the governing equations [fos (29)
i > . and (31) ].
37 Then the interpolation and the advection procesaes
repeated.

F,; (X ¥)={2a,F +a; ¥+ (3asF + 2agX =2, F <
pijidd) { : 3 } { 3 ¥ ¥ ¥ Solution of Energy Equation
38 The energy equation (19) can be written as

In two-dimensional case, the adverted profile ipragimated

as follow ﬁ_l_uﬁ_'_vﬁ:wl

HHII:_FI_ [+ _rl-iI +£) dT @( W 44

39
Where
Ql, =F,,(X+n¥+&) A
' 40 M = 0 9 06
- - @(2 WZ 54
op, ,=F  X+n¥+8) "

The X- and Y-derivatives of (44) are

Where
. o J J 7 A DA/
n=-lar _,  s=-Far. §<[—+U; +V5[ = W'“——“__
" a KK N X
46
The newly calculated spatial quantities are thenubed to
solve non-advection phase of Eqns. (26) to (28)\anticity 0 ﬁ 0 0 0 B BN
formulation of Eqn. (18). In present study, the lexpcentral —[— +U;} +Vj :;5 B —
finite different discretisation method is appliedttwsecond XN O KN NN
order accuracy in time and space. For exampletrédament
for eqn. (18) is

Putting the X- and Y-derivatives of M from (45) an¢46) and
(47) we get

¥ +T—l [ I"I'rllrl:—] _I‘I'r.'” -1 +0

L) 0"9 00 B DN

=1 f : d
48

ed 2 2

(A '|: (AY |:

9 39 Al A

. LG,
In summary, the evolution of the proposed schemmsists of d}d- a{Z d(d( a(a(
49

three steps.

Qn
1. The initial value oiQ' I, 7™xij and™"yii are specified at
each grid point.
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Non-advection phase
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9 N N

+ —_—
oX®  OXN? X IX OY X
51

>0 0N BN
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oX or
0.08 __ 7%
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Egs (50) - (52) are solved by using central firdtference

+ —_
OXPOX  N° OX oY oY oY

method (FDM), which finally gives
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Advection phase
ag g aa
— U+ V=0

at ax ay 56

d 198 A a‘ﬂae]Jr d Ivaa i
axlarl ax| axl axl arl
57

d [0
ay lar]

L0 uagl+a[v59 =
av " axl " arl avl
58

The same procedure is applied for getting the adrephase
of energy equation.

RESULTSAND DISCUSSION

In this numerical research work, the natural cotivac
phenomena in an enclosed square cavity have beeest
using CIP method. Applying the numerical procedure
mentioned in the last section, the streamlines iaatherms
plots are obtained for various values for Rayleigimbers of
Ra=103, 104 and 105 at a fixed Prandtl Number 81.0An
in-house code (in Matlab) has been developed fervthole
simulation. These are compared with those obtaifiech
Lattice Boltzmann method (LBM) [17]. Figure 2 illuates the
comparison of the streamline plots for various Ry
number between the present and LBM methods, whgaré
3 demonstrates the comparison of the isotherm.plots
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Fig 2 Comparison of the streamline plots for various ham
between the present CIP (left) and LBM (right)
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Fig 2 Comparison of the isotherm plots for various numbe
between the present CIP (left) and LBM (right)

CONCLUSIONS

Natural convection in a square cavity was studiethgu
CIPNSE method. The velocity and temperature profiier
Rayleigh numbers 103, 104 and 105 obtained inapoach
were compared with those obtained from lattice-Baklnn
formulations. A good agreement between the pressmnilts
and the past indicates that like finite differereoed lattice-
Boltzmann formulations, the CIPNSE method may be an
efficient and stable numerical scheme in naturalvection.
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